T raumaTic brain injury (TBI) is a leading cause of death and disability among pediatric patients worldwide. In the US alone, over 475,000 children and adolescents sustain a TBI each year, resulting in 37,000 hospital admissions, 2600 deaths, and over $20 billion in health care costs. 2, 14, 18, 31 Despite its significant impact, pediatric TBI is frequently excluded completely or grouped with adult TBI without an adequate understanding of the differences between these distinct patient populations.
however, it is not known if CT findings after TBI significantly differ in pediatric patients. For example, little is known about the patterns of intracranial injury that tend to occur in pediatric patients, and how those findings may influence clinical management and outcome. A more thorough understanding of pediatric TBI CT findings is necessary to improve our clinical approach to diagnosis and treatment and may prove invaluable in designing future clinical trials.
Methods

Patient Population
This is a retrospective analysis of data collected from all patients with TBI who had been treated at the University of California, Davis, Level 1 adult and pediatric trauma center between August 2008 and January 2011 as part of an institutional TBI registry. Patients included in this registry met at least 1 of the following 2 criteria that prompted neurosurgical consultation: 1) TBI suspected due to clinical history, clinical symptoms, or signs of neurological deficits on physical examination; or 2) abnormal CT findings after trauma. Patients with penetrating head injury were excluded from this study. Pediatric patients with suspected nonaccidental trauma were also excluded from this study and underwent a detailed evaluation by our Child Abuse Program. The pediatric age group was defined as patients having an age less than or equal to 16 years.
Clinical Data
Data were collected from an electronic medical record system, with paper chart review performed when necessary. Data points consisted of demographic, clinical, and radiographic variables, including age, sex, race, ethnicity, mechanism of injury, initial vital signs, and admission laboratory values; postresuscitation Glasgow Coma Scale (GCS) score; and pupil examination, as determined by the neurosurgery consultant at the time of initial evaluation. Glasgow Outcome Scale (GOS) scores were obtained at 3 and 6 months after injury via clinical examination or telephone interview by an experienced clinical research nurse.
Radiographic Data
The initial postinjury CT scan was reviewed by neurosurgery house staff at the time of initial consultation; for patients who were transferred from an outside hospital, the scan obtained at the transferring institution was reviewed as the "initial scan." As part of a separate study, a subset of 550 CT scans were rescored by a blinded neurosurgery attending (K.S.) to confirm adequate interrater reliability with each neurosurgery house staff consultant. 4 This study demonstrated reasonable interrater reliability for those radiographic findings used to calculate the Rotterdam score with an average kappa greater than 0.5 (17) . An electronic data collection form was completed at the time of initial evaluation to document the presence or absence of the following intracranial hemorrhage patterns: epidural hematoma (EDH), subdural hematoma (SDH), intraparenchymal hematoma (IPH, ≥ 1 cm), intraparenchymal contusion (< 1 cm), intraventricular hemorrhage (IVH), and subarachnoid hemorrhage (SAH). Skull fractures were classified as absent, nondepressed, or depressed. Basal cisterns were classified as open, compressed, or absent, and midline shift was classified as < 5 or ≥ 5 mm. These variables were used to calculate a Rotterdam CT Score for each patient, as previously described. 19 
Statistical Analysis
Differences in the proportion of patients with any particular CT finding were tested using a chi-square analysis. Patients with at least 1 CT finding were then evaluated using a 2-sample proportion test to identify a difference in the proportion of patients with each finding. To determine if certain combinations of CT findings tended to co-occur in pediatric versus adult TBI, 2-sample proportion tests were used. False discovery rates were calculated to account for multiple testing.
Parametric data are presented as the means ± standard error, and nonparametric data are presented as the median/range, when appropriate. Statistical analyses were conducted using R statistical computing software. Significance was defined as p < 0.05.
Results
Between August 2008 and January 2011, 1258 patients were enrolled in the prospective TBI database at UC Davis Medical Center. Thirty adult and 4 pediatric patients were excluded from analysis because of a penetrating injury mechanism, and 18 pediatric patients were excluded because of suspected nonaccidental trauma/ abuse. These exclusions resulted in a study population of 1206 patients: 336 (27.9%) were classified as pediatric (age < 16 years) and 870 (72.1%) were classified as adult.
Clinical Characteristics
The mean age of the pediatric and adult groups was 5.01 ± 0.26 years and 47.16 ± 0.76 years, respectively ( Table 1 ). The pediatric group was composed of 64.3% males, and the adult group included 69.9% males, a difference that was not statistically significant (p > 0.05). Both groups were predominantly white. Pediatric patients were almost twice as likely as their adult counterparts to have been transferred from an outside medical facility (50.3% vs 28.8%, p < 0.001). The CT scan obtained at the outside facility was available for review at our institution in 100% of cases.
The most common mechanisms of injury in pediatric patients were falls (46.1%), motor vehicle crashes (16.7%), and sports-related injuries (16.7%). In adults, the most common injury mechanisms were falls (30.3%) and assaults (19.2%). Mechanism of injury was significantly different between the 2 groups.
Postresuscitation GCS scores did not significantly differ between the pediatric and adult patient populations (c 2 = 0.1315, df = 2, p = 0.365). The respective mean and median GCS scores in the pediatric population were 12.5 ± 0.2 and 15 (range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ; in the adult group, the respective mean and median scores were 12.1 ± 0.1 and 15 (range 3-15).
Radiographic Characteristics
Skull Fracture. Skull fractures were present in 62.2% of the pediatric patients and 25.8% of the adult patients, a difference that was statistically significant (p < 0.001; Table 2). Nondepressed skull fractures were 3. incidence of IVH did not differ between age groups (3.3% vs 3.3%).
Mass Effect. Compression of the basal cisterns was present in 7.5% of pediatric and 8.1% of adult patients, and the complete absence of the cisterns was noted in 2.6% and 2.1%, respectively. These differences were not statistically significant. However, a midline shift > 5 cm was more common in adult versus pediatric TBI (10.2% vs 5.5%, c 2 = 5.46, FDR-adjusted p = 0.03).
Multiple CT Findings. At least 1 CT abnormality was present in 96.0% of adult and 92.8% of pediatric patients with TBI, a difference that was statistically significant (c 2 = 4.8398, df = 2, p = 0.03; Fig. 1 and Table 3 ; Fig. 2 and Table 4 ). Rotterdam CT scores of 1 and 2 were more common in pediatric patients (11.2% vs 5.5% and 61.0% vs 45.4%, respectively, p = 0.001 and p < 0.001), whereas a Rotterdam CT score of 3 was more common in adults (40.2% vs 21.2%, p < 0.001). There were no significant differences in the incidence of Rotterdam CT Scores 4, 5, or 6 between age groups. The mean Rotterdam CT scores in pediatric versus adult patients was 2.3 ± 0.04 versus 2.6 ± 0.03, respectively. The difference between these scores was statistically significant (p < 0.001).
Direct Transport Versus Secondary Transfer
The significant difference in the number of pediatric patients transferred from an outside facility prompted a subanalysis of the pediatric population comparing direct transport with secondary transfer. Of the 336 pediatric patients in this study, 166 (49.4%) were transferred. When comparing patients who were directly transported to our institution with those who were transferred from another hospital, we found no significant differences in mean age 
Clinical Outcomes
Clinical outcomes at 6 months were measured using the GOS. Loss to follow-up occurred in 11.5% of pediat- Fig. 1 . Common patterns of CT findings in pediatric (left) and adult (right) patients after nonpenetrating traumatic TBI. Pediatric patients had thinner skull anatomy and were more prone to skull fracture and EDH, whereas adult patients were more likely to demonstrate complex patterns such as subdural and intraparenchymal hemorrhages with > 5 mm midline shift. ric cases and 11.9% of the adult cases (p = 0.932). Favorable outcomes, defined as good recovery or moderate disability, occurred in 76.5% of pediatric and 57.3% of adult patients (p < 0.001). The 6-month mortality rate was 3.3% for the pediatric age group and 11.2% for the adult group.
Discussion
In this study, we found significant differences in CT findings between pediatric and adult TBI, despite the fact that both groups were statistically similar with regard to clinical severity of injury as measured using the GCS score. In general, pediatric patients were more likely to experience extraaxial injuries (skull fracture, EDH) and less likely to demonstrate multiple CT abnormalities or significant midline shift. In contrast, adult patients were more prone to multiple intraaxial hemorrhage patterns and significant mass effect with midline shift. These differences in CT findings yielded a lower average Rotterdam score in pediatric than in adult TBI.
Anatomy of Pediatric Versus Adult TBI
Differences in CT findings between pediatric and adult patients may be attributable, in large part, to anatomical differences that influence the biomechanics of TBI. The cranial anatomy of infants and children is distinct from that of adults, and there is emerging evidence of a unique age-dependent response following TBI. 10, 26 Traumatic brain injury is caused by the imposition of linear and rotational forces on the skull and its internal components. The mechanical effects of these linear and rotational forces are influenced by material properties different for pediatric and adult patients. For example, linear forces are much more likely to cause fractures in the thinner pediatric skull, 23 and the cranial vault is more susceptible to fracture than other craniomaxillofacial bones. 29 Moreover, the neck is weaker and the head proportionally larger in the pediatric population than in adults, which may also contribute to the different injury patterns following TBI. 23 The rate of intracranial fracture has been reported to decrease with age, presumably as the strength of the cranial vault increases through fusion, skull thickening, and increased prominence of the facial bones.
7,29 These differences may explain the increased incidence of skull fracture in the present study. They may also explain the increased incidence of EDH in pediatric TBI, which often results from damage to middle meningeal artery branches in the dura mater and/or bleeding from skull fracture bone edges into the epidural space. Since skull fractures dissipate and absorb impact forces rather than transmitting them to the intracranial vault, the pediatric brain may be less prone to intraaxial damage as a result of increased skull fractures.
In general, angular and rotational forces from TBI are thought to be more damaging than translational forces. These forces can result in acute SDH, intraparenchymal contusions, and diffuse axonal injury 8, 23, 26 and have been proven to correlate with brain mass; that is, the larger the brain, the larger the effect of rotational forces. 8, 23 Thus, larger adult anatomy may be more susceptible to these rotational forces and resultant patterns of intraaxial injury, which include diffuse axonal injury, contusions, IPH, and SAH. Rotational forces are also thought to be responsible for the development of SDH, due to tearing of the bridging veins. The smaller mass of the pediatric skull-brain makes it less susceptible to these rotational forces, which would explain the lower incidence of these injury patterns seen in our series.
It is also important to note that the ratio of brain volume/CSF volume is much lower in adult patients, which results in more relative movement of the brain within the cranial vault at the time of impact. 5 This increases the likelihood of damage to bridging veins that are "tethered" between the dural sinuses and the brain surface and also increases the chance of subarachnoid and intraparenchymal hemorrhage from collisions between the brain and bony components of the intracranial vault. As noted above, the adult skull is less likely to fracture and dissipate force vectors, and this may further amplify the magnitude of intracranial brain movement with closed head injury. This decreased ratio of brain/CSF volume may also explain the increased incidence of significant midline shift (≥ 5 mm) in adult patients, as there is more relative space surrounding the brain to accommodate brain shift. The net effect of these differences may be an increased likelihood of more complex patterns of hemorrhage in adults, a significant observation in the present study. Adults were more prone to intraaxial injuries, multiple intracranial injuries, and midline shift of the brain, all of which predict a worse clinical outcome. 19 Clinical outcomes are generally better in younger patients after TBI-a finding that was confirmed in the present study, and one that may be due, at least in part, to significant differences in patterns of CT findings between pediatric and adult populations.
Characterizing Injury Severity: GCS Score Versus Rotterdam CT Score
The GCS score was first described by Teasdale and Jennett over 28 years ago 33 and remains the most commonly used tool for classifying the clinical severity of TBI. However, one major limitation of the GCS score is its insensitivity to the pattern and severity of intracranial injuries detected on CT scanning, many of which have been shown to predict clinical course and outcome. 19, 21 For example, a patient with an isolated extraaxial injury may present with the same GCS score as a patient with multiple intraaxial hemorrhages involving deep brain structures and the brainstem; clearly, these patients have experienced very different brain injuries and will likely have unique treatment needs and clinical outcomes. In this study, 2 large patient populations were found to have many significant differences in specific CT findings, but the overall GCS scores were not different, highlighting an important limitation of the GCS scoring system.
Growing evidence demonstrates that radiographic scales such as the Rotterdam and Marshall scales, as well as clinical scales such as the APACHE II (Acute Physiology and Chronic Health Evaluation II) and Injury Severity Scale, may be better tools than the GCS in predicting mortality and functional outcome. 11, 26 This may be particularly true for pediatric patients, 16, 17 despite efforts to use modified GCS criteria that are more age appropriate.
6,24
The Marshall CT classification 20 was described in 1991 and represented the first major effort to characterize TBI based on CT findings. In 2005, this scoring system was modified to a version with greater predictive value: the Rotterdam CT score. 19 Like the Marshall scale, the Rotterdam system is sensitive to the presence of mass effect and midline shift but also takes into account 2 important clinical facts: patients with isolated EDH have improved outcomes, and those with SAH or IVH have significantly more morbidity.
Neither the Rotterdam CT scoring system nor the GCS take into account patient age, which is known to be a strong independent predictor of outcome following TBI. The current study demonstrates that adult and pediatric patients experience different patterns of intracranial injury following TBI, which results in a small but significant difference in the Rotterdam CT score (2.3 vs 2.6). However, this difference in the Rotterdam score alone does not account for the significant differences in survival and clinical outcome following TBI, both of which were significantly higher in pediatric populations. Since similar CT findings can have very different consequences in adult versus pediatric TBI, an age-specific CT classification system should be developed.
Study Strengths and Limitations
The results of this study are derived from a large registry database maintained at a Level 1 trauma center for both adult and pediatric TBI. One limitation of our study was the significantly different mechanisms of injury between the 2 patient groups. This resulted in a degree of heterogeneity between the 2 study populations and may have contributed to the differences in neuroradiographic findings.
Children with suspected abuse from nonaccidental trauma were excluded from this study, since they represent a unique subgroup of patients with TBI that is more likely to experience repeat TBI or TBI associated with superimposed hypoxia and/or ischemia. 15, 28 It is important to note that children with nonaccidental trauma often have worse clinical outcomes and that their pattern of intracranial findings is significantly different, so inclusion may have affected some of the results of this study. For example, Foerster and colleagues 9 reviewed CT and MRI findings from 57 children who had experienced abuse and found no cases of EDH (the most common findings in our study) but a significant incidence of SDH (86%), diffuse brain ischemia (25.5%), and SAH (17%). Intraparenchymal hemorrhages (6.4%) and diffuse axonal injury (2.1%) were relatively less common, and the majority of children were found to have extracranial injuries such as retinal hemorrhage (84.9%) and orthopedic fractures (54.4%). In the present study, only 5.4% of the pediatric patients experienced nonaccidental trauma, so including them in the analysis would not have significantly affected the population outcomes.
Another important potential limitation of our study is the higher proportion of pediatric patients transferred from an outside institution, which may have introduced a selection bias onto our results. The California Emergency Medical Services Authority recommends the transfer of pediatric patients with TBI when the injury is accompanied by a penetrating wound, CSF leak, open head injury, depressed skull fracture, or associated injuries requiring intensive care. Despite these recommendations, there is considerable variation in the utilization pattern of trauma specialty care in the pediatric population, particularly as regards transfers, because California lacks an integrated statewide emergency medical services system. 1, 34 In the present study, we did not find any significant differences between transfer patients with regard to age, sex, ethnic-ity, GCS score, or CT findings including the Rotterdam CT score. This suggests that transfer status is unlikely to have significantly affected the results of this study.
Conclusions
Following nonpenetrating TBI, adult and pediatric patients tend to demonstrate very different patterns of intracranial injury. Pediatric patients are more prone to skull fractures and EDH, whereas adult patients have a higher incidence of intraaxial hemorrhage and brain shift and are more likely to demonstrate multiple patterns of intracranial injuries. These differences may be attributable to variations in the mechanisms, anatomy, and biomechanics of TBI between pediatric and adult patients. Future injury classification systems that include age, clinical examination, and CT findings may be more accurate and useful than currently available scoring systems.
